The G+C content of a genome is frequently used in taxonomic descriptions of species and genera. In the past it has been determined using conventional, indirect methods, but it is nowadays reasonable to calculate the DNA G+C content directly from the increasingly available and affordable genome sequences. The expected increase in accuracy, however, might alter the way in which the G+C content is used for drawing taxonomic conclusions. We here re-estimate the literature assumption that the G+C content can vary up to 3-5 % within species using genomic datasets. The resulting G+C content differences are compared with DNA-DNA hybridization (DDH) similarities calculated in silico using the GGDC web server, with 70 % similarity as the gold standard threshold for species boundaries. The results indicate that the G+C content, if computed from genome sequences, varies no more than 1 % within species. Statistical models based on larger differences alone can reject the hypothesis that two strains belong to the same species. Because DDH similarities between two non-type strains occur in the genomic datasets, we also examine to what extent and under which conditions such a similarity could be ,70 % even though the similarity of either strain to a type strain was ¢70 %. In theory, their similarity could be as low as 50 %, whereas empirical data suggest a boundary closer (but not identical) to 70 %. However, it is shown that using a 50 % boundary would not affect the conclusions regarding the DNA G+C content. Hence, we suggest that discrepancies between G+C content data provided in species descriptions on the one hand and those recalculated after genome sequencing on the other hand ¢1 % are due to significant inaccuracies of the applied conventional methods and accordingly call for emendations of species descriptions.
The genomic DNA G+C content, defined as the proportion of cytosines and guanines within the overall number of nucleotides in the genome, is one of the most frequently used features in taxonomic descriptions of micro-organisms (Rosselló -Mora & Amann, 2001; Johnson & Whitman, 2007; Tindall et al., 2010; Mesbah et al., 2011) . Techniques with which G+C contents have been estimated in the past include thermal denaturation , buoyant density in CsCl (Schildkraut et al., 1962) and melting profiles (Owen et al., 1969) ; modern techniques are HPLC (Ko et al., 1977; Mesbah et al., 1989) and real-time PCR (Moreira et al., 2011) . These are all conventional methods, and are indirect because they do not count nucleotides but estimate the genomic G+C content from the physical properties it induces in extracted and/or digested genomic DNA. Given the rapid progress in sequencing technology (Köser et al., 2012; Mavromatis et al., 2012) , with some large-scale genome-sequencing projects devoted exclusively to type strains (Klenk & Göker, 2010) , it is nowadays reasonable to estimate the G+C content directly from completely sequenced genomes. The high coverage obtained with modern sequencing techniques yields high sequence accuracy (Liu et al., 2012; Mavromatis et al., 2012) , which in turn indicates that counting cytosines and guanines from genome sequences is more accurate than the conventional methods. The differences between experimentally determined G+C content values and those directly assessed from genome sequences range between 1.2 and 2 % but only if the experimental conditions are standardized and replicated (Mesbah et al., 2011) . An open question is how far the precision can be increased, and what impact this will have on the manner in which the G+C content is used in the future within the framework of polyphasic taxonomy (Tindall et al., 2010) , particularly regarding species descriptions.
Literature data indicate that within-species variation in DNA G+C content is at most 3 mol% (Mesbah et al., 2011) or 5 mol% (Rosselló -Mora & Amann 2001). Here we reassess this issue using sequenced genomes, thus allowing for a direct computation of the G+C content. As a DNA-DNA hybridization (DDH) similarity of ¢70 % is still the main criterion for assigning two strains to the same species (Brenner 1973; Wayne et al., 1987; Stackebrandt & Goebel, 1994; Rosselló -Mora & Amann, 2001; Johnson & Whitman, 2007; Tindall et al., 2010) , we used datasets with conventionally determined DDH values and/or their in silico analogues (digital DDH, dDDH). These were computed using the recommended settings of the Genome-to-Genome Distance Calculator (GGDC) web server (Auch et al., 2010a, b) version 2.0 (Meier-Kolthoff et al., 2013a).
The GGDC tool, based on the approach of Henz et al. (2005) , yielded slightly to significantly higher correlations with conventionally determined DDH than the average nucleotide identity implementations (Konstantinidis & Tiedje, 2005; Richter & Rosselló -Mó ra, 2009) . This is crucial, as agreement with the conventional DDH standard, on average, is the main criterion for the success of genome sequence-based methods (Stackebrandt et al., 2002) ; otherwise species boundaries estimated with sequencebased methods were not consistent with earlier ones estimated conventionally. (Note that mimicking results obtained with conventional DDH on average does not imply mimicking any of its pitfalls.) Further user-friendly features of GGDC include its availability as an easy-to-use web service (http://ggdc.dsmz.de), the delivery of dDDH point estimates on the same scale as conventional DDH values (easing comparisons), model-and resampling-based confidence intervals as well as the probabilities of yielding DDH ¢70 % (Meier-Kolthoff et al., 2013a). The underlying non-linear models in GGDC version 2.0 are inferred from a larger empirical dataset and, in contrast to the linear models used in GGDC 1.0 and the average nucleotide identity implementations, avoid biologically unreasonable estimates of dDDH .100 % or ,0 % (Meier-Kolthoff et al., 2013a).
The dataset from Meier-Kolthoff et al. (2013a) reused here contains dDDH and conventional DDH values as well as the genome sequences for 156 pairs of strains (Table S1 available in IJSEM Online). To determine the probability that, according to DDH, two genomes belong to the same species, given a certain difference in their DNA G+C content, a logistic regression model (Nelder & Wedderburn, 1972) was inferred using R (R Development Core Team, 2013) according to Crawley (2007) . DDH was encoded as a binary response variable (0 if ,70 %; 1 otherwise) and the G+C content difference used as predictor variable.
The model based on dDDH ( Fig. 1 ) yielded a probability of 0.05 that two strains belong to the same species for a DNA G+C difference of about 1 %, of ,10 25 for 3 % and virtually zero for 5 %. When using the more noisy conventional DDH values (Meier-Kolthoff et al., 2013a), these probabilities were even smaller ( Fig. 1) . For a G+C difference of 0 %, the probability of belonging to the same species did not reach 1, as expected (Rosselló -Mora & Amann 2001), but was much lower (,0.9). The dataset from Meier-Kolthoff et al. (2013a) might be biased towards closely related strains, as conventional DDH comparisons are usually calculated only for close relatives. Broader sampling might yield more combinations of almost equal G+C contents and low DDH similarities and thus a lower probability of an affiliation to the same species for 0 % G+C deviation. However, the probabilities at differences of 1, 3 and 5 % would be even lower.
To corroborate the maximum within-species DNA G+C deviation and to devise a model using a larger dataset, we calculated the G+C content differences and dDDH similarities from all completed bacterial and archaeal genomes from GenBank (http://ftp.ncbi.nlm.nih.gov/) for all possible pairs within genera. Beforehand, genomes that could not be mapped to recognized species or at least genus names as listed in LPSN (Euzéby 1997) were removed, and the species and genus names of the remaining ones were mapped to a single LPSN synonym (note that GenBank is not an authoritative source of classification). The resulting dataset containing 238 distinct genus names, 822 distinct species names and 30 569 pairs of genomes is included in Table S2 ; examinations of the within-genus G+C content divergence are given in Table S3 . In the logistic regression model based on all pairs of genomes (i.e. genomes of pairs of strains that according to the corrected GenBank classification belong to the same genus), the probability of dDDH ¢70 % was 0.8443 for a 0 % difference in G+C content, 0.05 for 0.7271 %, 0.009 for 1 %, and virtually zero for 3 and 5 %. Only 100 of the 9279 genome pairs within species (i.e. genomes of pairs of strains that according to the corrected GenBank classification belong to the same species) showed a G+C difference above 1 %. The dDDH values of these pairs were at most 41.8 % and thus clearly below the 70 % threshold.
Species affiliations are usually always assessed by a comparison with type strains (Meier-Kolthoff et al., 2013b; Tindall et al., 2010) . Because the datasets analysed in this study contain pairs of non-type strains, too, it needs to be clarified under what circumstances the 70 % DDH rule can be applied to two non-type strains that allegedly belong to the same species (with a validly published name). In the simplest scenario, the species affiliation of two nontype strains A and B has been assessed with an emphasis on DDH, too, and thus it is known that the similarity of either strain to the type strain C is ¢70 %. But what does this imply regarding the DDH similarity between the two nontype strains?
Assume that d AB , d AC and d BC are intergenomic distances between the three pairs of strains, respectively, and that these distances are a strictly monotonically decreasing function of the DDH similarity, approaching the limits of 0 and 1 for DDH similarity approaching 100 and 0 %, respectively, if an appropriate model is used (MeierKolthoff et al., 2013a) . Let T be the distance that exactly corresponds to 70 % DDH. It follows that d AC ¡T and d BC ¡T. But which additional assumptions are necessary to conclude from these two relationships that d AB ¡T ? The most inclusive assumption to guarantee this is the ultrametric condition
as two to three of the distances could be as large as T (Swofford et al., 1996; Felsenstein, 2004) . Conversely, under non-ultrametric conditions it might well be that the 70 % DDH rule alone (disregarding that only C is a type strain) indicated that A represents the same species as C and B represents the same species as C but A does not represent the same species as B. When clustering sequences, such problems can be overcome by explicitly defining the combination rules of clusters containing more than a single object (Göker et al., 2009) . But when using DDH in microbial taxonomy, the possibility of such obvious selfcontradictions justifies the restriction to comparisons with type strains when strictly applying the 70 % rule.
Clustering algorithms such as UPGMA can infer the correct phylogeny only from nearly ultrametric distance matrices. But these occur only if the underlying sequence data have evolved, on average, strictly under a molecular clock, and it is known in practice that datasets that deviate too strongly from a molecular clock severely distort the outcome of such clustering algorithms (Swofford et al., 1996; Felsenstein, 2004) . The metric condition
makes fewer assumptions. Biological distances are not necessarily fully metric either, particularly after applying corrections for superimposed changes (Felsenstein, 2004) . However, these are not conducted by GGDC for calculating dDDH (Meier-Kolthoff et al., 2013a) , and metricity is clearly more realistic than ultrametricity.
For the two non-type strains from our example, however, metricity only guarantees that d AB ¡2T. Assuming a simple subtractive relationship between DDH similarities and intergenomic distances, this indicated that the DDH similarity between two non-type strains belonging to the same species can be as low as 40 %. In the empirically estimated relationship (Meier-Kolthoff et al., 2013a) , 70 % dDDH corresponded to an intergenomic distance of 0.0361, and twice this distance to a dDDH similarity of 49.8 %. That is, in theory the dDDH similarity between two The orange curve represents the probability resulting from digitally calculated DDH (dDDH), whereas the green curve corresponds to conventional DDH. For example, in the case of dDDH values, a difference in G+C content of 1 % yields a probability of an affiliation to the same species of 0.05. The embedded subplot shows the distribution of the DDH values dependent on the difference in G+C content. As expected, the variance of the G+C differences increases with a decrease in DDH similarity (Rosselló -Mora & Amann, 2001) , and the conventional DDH data are more noisy than those calculated in silico (Meier-Kolthoff et al., 2013a).
non-type strains that belong to the same species (because of ¢70 % dDDH similarity to the type strain) could be as low as about 50 %.
In real-world data, one would expect a molecular clock to be in effect to a certain extent and thus the minimum possible DDH similarity between non-type strains of the same species to be somewhere between this rather low value and 70 %. Using the GenBank datasets of all genera with at least four genomes (see above), we thus examined all triplets of genomes U, V and W (in any order) with d UV ¡T and d UW ¡T, irrespective of their species affiliation according to the taxonomic nomenclature in use. The results are shown fully in Table S3 and included 65 genera in which such triplets existed. We then determined for each genus the proportion of triplets in which d VW ¡T was also true. All such triplets could be regarded as 'consistent at the 70 % threshold'. Among the 65 genera, 55 contained 100 % and only six (most of which had small genomes) ,95 % consistent triplets. That is, in practice the dDDH similarity between two non-type strains that belong to the same species (based on ¢70 % dDDH similarity to the type strain) is in most cases, but not always, also ¢70 %.
The deviations from ultrametricity (Swofford et al., 1996) at the 70 % boundary are apparently negligible in many cases. The data nevertheless indicate that, when used strictly, the criterion is best applied only to the comparison with (or between) type strains. Note, however, that another kind of possible contradiction cannot be avoided in that way. Let X and Y be the type strains of two distinct species, respectively, with d XY .T, as expected, and Z be a non-type strain to be assigned to a species. It might then occur that, according to the distance (or similarity) threshold rule, Z belonged to two distinct species at the same time because, unless the distances were ultrametric, it was possible that d XZ ¡T and at the same time d YZ ¡T. Of course, in the polyphasic approach other criteria (such as phenotypic comparison) are applied in addition to DDH (Rosselló -Mora & Amann, 2001; Tindall et al., 2010) . But in most cases, in contrast to DDH, there are either no established quantitative standards for applying them to decide on species boundaries, or these standards are based on pairwise (dis-)similarities and thus subject to similar restrictions as the currently used 70 % DDH rule.
Indeed, such logical inconsistencies can be caused by all other uses of pairwise (dis-)similarities (such as 16S rRNA gene or multi-locus sequence typing distances) for drawing taxonomic conclusions (Göker et al., 2009) . We cannot rule out that many empirical datasets are unaffected by such problems, because their deviations from ultrametricity are either only slight or are distributed so as not to impact the taxonomic question under study. However, to avoid such inconsistencies in general, one must take into account that a higher similarity (or smaller distance) does not necessarily indicate a closer relationship (Felsenstein, 2004; Klenk & Göker, 2010; Göker & Klenk, 2013) . Relaxations of threshold rules for certain pairwise comparisons, such as the one discussed here based on metricity, are a remedy, but only partially so.
Regarding the DNA G+C content within species, however, even if the extremely cautious threshold of 49.8 % DDH was used, the conclusions stated above would hardly be affected. In the logistic regression model based on all pairs of GenBank genomes, the probability of dDDH ¢49.8 % was 0.9124 for a 0 % difference in G+C content, 0.05 for 0.8738 %, 0.0239 for 1 %, ,10 26 for 3 % and virtually zero for 5 %. Thus, our analysis shows that when inferred from genome sequences, within-species differences in the G+C content are almost exclusively below 1 %. Larger values previously reported in the literature (Rosselló -Mora & Amann 2001) are probably due to inaccuracies of the applied conventional methods for determining the G+C content (Mesbah et al., 2011) . For instance, Thermanaerovibrio velox Z-9701
T showed a discrepancy of between 54.6 % (conventionally determined) and 58.8 % (based on genome sequence), and Thermanaerovibrio acidaminovorans Su883 T between 56.6 and 63.8 % (Palaniappan et al., 2013) . We thus recommend emendations of species descriptions for discrepancies between literature data and genome sequence-based G+C content values (both reported for the type strain) larger than 1 %, and to round such values to zero decimal places. Where necessary, according emendations of genus descriptions should also be conducted (Palaniappan et al., 2013) .
